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The cAMP-response element-binding protein (CREB) plays an important role in visual cortical plasticity that follows the
disruption of sensory activity, as induced by dark rearing (DR). Recent ﬁndings indicate that the dorsal lateral geniculate nucleus
(dLGN) of thalamus is also sensitive to altered sensory activity. DR disrupts retinogeniculate synaptic strength and pruning in
mice, but only when DR starts one week after eye opening (delayed DR, DDR) and not after chronic DR (CDR) from birth. While
DR upregulates CREB in visual cortex, whether it also modulates this pathway in dLGN remains unknown. Here we investigate
the role of CREB in the dLGN of mice that were CDR or DDR using western blot and immunoﬂuorescence. Similar to ﬁndings
in visual cortex, CREB is upregulated in dLGN after CDR and DDR. These ﬁndings are consistent with the proposal that DR
up-regulates the CREB pathway in response to decreased visual drive.
1.Introduction
Long-lasting changes in neuronal circuitry are known
to require nuclear gene expression and protein synthesis
[1]. A critical component is the cAMP-response element
(CRE)/CREB transcriptional pathway [2]. CREB is regulated
by phosphorylation in response to neuronal activity [3], and
its function in long-term plasticity, memory formation, and
circuit development has been demonstrated in several neu-
ronal systems [4–7]. In particular, studies in the developing
visual cortex reveal a role for CREB in the rearrangement of
connections in response to altered sensory input [8–11].
One of the key protocols for examining such experience-
dependent plasticity in the visual cortex is raising animals
in complete darkness. Dark rearing (DR) has been shown
to increase the synaptic strength of excitatory intracortical
synapses [12], lower dendritic spine density of pyramidal
neurons [13], and enhance long-term potentiation and
decrease long-term depression of layer III visual cortical
neurons [14]. These changes have been associated with the
upregulation of genes subserving synaptic transmission and
neural activity [10]. For example, CREB transcription and
translation are signiﬁcantly increased in the visual cortex of
mice reared in complete darkness from birth till postnatal
day (P) 27, the peak of cortical plasticity in mice [15]. These
changes have been attributed to synaptic compensatory
mechanisms that are triggered by a reduction in aﬀerent
drive brought about by DR [10].
While CREB has been implicated in the reﬁnement of
subcortical visual connections, such as the remodeling of
retinal projections from the two eyes to the dorsal lateral
geniculate nucleus (dLGN), these changes take place before
theonsetofpatternedvisuallyevokedactivity[16].However,
it has been recently shown that DR can disrupt retino-
geniculate connectivity by altering the synaptic strength and
pruningofdLGNretinalconnections[17,18].Thesechanges
prevail only when animals are put in the dark one week
after eye opening and not when chronically deprived from2 Neural Plasticity
birth. Interestingly, this form of dLGN visual experience-
dependentplasticityoccursaroundthepeakofvisualcortical
plasticity [15]. Whether CREB expression is upregulated in
the dLGN, as it is in the visual cortex after DR, remains to be
explored.Toaddressthisissue,weexaminedtheeﬀectsofDR
on CREB expression and phosphorylation in mouse dLGN
using two DR protocols: chronic DR from birth (CDR) and
DR following one week of vision (delayed DR, DDR).
2. Methods
2.1. Subjects. A l lp r o c e d u r e sw e r ep e r f o r m e di nc o m p l i a n c e
with the Institutional Animal Care and Use Committee at
Virginia Commonwealth University. C57BL/6 mice (Taconic
Farms, Hudson, NY, USA) ranging in age from postnatal day
(P) 0 to P27 were used in this study. The mice resided in
colonies at the Virginia Commonwealth University Medical
Center. Under normal light-rearing conditions (NR), mice
were raised in a 12 hour light/12 hour dark cycle.
2.2.DarkRearing(DR). Dark-rearedpupsandtheirmothers
were housed inside light-tight containers in a dark room.
There were four DR conditions (Figure 1(a)): chronic DR,
delayed DR, chronic DR + light, and delayed DR + light.
For CDR, absolute light deprivation began at birth (P0) and
lasted for 27 days. For DDR, animals were reared in normal
light-dark cycle until P20 and then placed in the dark for
1 week. For CDR + L and DDR + L conditions, DR was
followed by 2 hours of light exposure. All animals were
sacriﬁced at P27. For CDR and DDR, mice were decapitated
incompletedarkness[19].Dailycare(changesoffood,water,
and litter) was performed in the dark using infrared viewing
goggles.
2.3. dLGN Tissue Extraction and Sample Preparation. Mice
were deeply anesthetized with isoﬂurane and decapitated.
The brain was quickly removed and placed in a 4◦Cs o l u t i o n
(in mM) of 2.5KCl, 10 glucose, 126NaCl, 1.25NaH2PO4,
2MgCl 2,2C a C l 2. 400μm thick sections were cut in the coro-
nal plane with a vibratome (Leica VT1000S, Wetzlar, Ger-
many). Tissue was extracted from sections through the mid-
dle of dLGN, then placed in a sucrose buﬀer (320mM with
2% Complete Protease Inhibitor, Roche Diagnostics, Indi-
anapolis, IN, USA) and stored at −80◦C. Each sample con-
tained the dLGN of both hemispheres from 3 to 4 animals.
Whole tissue was homogenized in a sucrose buﬀer (320mM
with 2% Complete Protease Inhibitor and 1% PhosSTOP
Phosphatase Inhibitor, Roche Diagnostics), and total protein
concentration was determined using the Quick Start Brad-
ford protein assay kit (Bio-Rad, Hercules, CA, USA).
2.4. Western Blotting Using Odyssey Infrared Imaging. For
gel electrophoresis, 20–30μg of protein for each sample was
loaded onto a Criterion 10% Tris-HCl polyacrylamide gel
(Bio-Rad). Then the protein was transferred to a nitro-
cellulose membrane (Bio-Rad). Membranes were blocked
with the Odyssey blocking buﬀer (LI-COR, Lincoln, NE,
USA). Rabbit anti-phospho-CREB (1:200; Cell Signaling,
Danvers, MA, USA) and mouse anti-CREB (1:400; Cell
Signaling) were diluted in Tris-buﬀered saline with Tween 20
(TBST) and 5% bovine serum albumin (BSA) and incubated
overnight at 4◦C. Rabbit anti-GAPDH (1:100,000; Cell
Signaling) was used as a loading control. Then the mem-
branes were treated with secondary antibodies conjugated
to infrared (IR) ﬂuorophores, IRDye 800CW goat anti-
rabbit (1:10,000; LI-COR), and IRDye 680 goat anti-mouse
(1:10,000; LI-COR), added to the blocking buﬀer for 1.5
hours at room temperature.
2.5. Western Blotting Using Chemiluminescence Detection.
Gelelectrophoresisandtransferwereperformedasdescribed
above. Membranes were blocked with TBST and 5% pow-
dered nonfat milk, then incubated with either rabbit anti-
phospho-CREB (1:500; Cell Signaling) in TBST and 5%
BSA or rabbit anti-CREB (1:500; Cell Signaling) in blocking
buﬀer overnight at 4◦C. Rabbit anti-GAPDH (1:100,000;
Cell Signaling) was used as a loading control. The mem-
branes were then treated with peroxidase goat anti-rabbit
(1:2000; Jackson ImmunoResearch, West Grove, PA, USA),
in blocking buﬀe rf o r1 . 5h o u r sa tr o o mt e m p e r a t u r e .
SuperSignalWestPicoChemiluminescent DetectionReagent
(Pierce, Rockford, IL, USA) was used to visualize immunore-
activity.
Analysis for western blotting using IR imaging was
performed using the Odyssey Application Software 3.0 (LI-
COR). Analysis for western blotting using chemilumines-
cence detection was performed using Kodak 1D Image
Analysis Software (Kodak, Rochester, NY, USA). Five sep-
arate measurements were taken for each band and the
median value was used for estimating the protein levels.
To minimize variability between blots, we assured that each
blot had at least one sample from each group, so that
relative changes to control could be examined within the
same blot. Data were submitted to one-way analysis of
variance (ANOVA) followed by post hoc comparisons to
ascertain group diﬀerences. The least signiﬁcant diﬀerence t-
test (LSD) was used when equal variances were assumed and
Tamhane’s test when they were not. Signiﬁcant diﬀerences
between groups were deﬁned as P<0.05 (two tailed).
2.6. Immunoﬂuorescence. Animals were perfused directly
with 4% paraformaldehyde to preserve the phosphorylated
state of CREB [8, 16]. Forty-micron-thick sections were
then cut with a vibratome and blocked for 1 hour at
room temperature using a solution of 2.5% BSA, 0.03%
Triton X-100, and 5% normal goat serum in PBS. The
primary antibodies were diluted in blocking solution, and
sections were incubated in either rabbit anti-CREB (1:2000;
Cell Signaling) or rabbit anti-phospho-CREB (1:800; Cell
Signaling) overnight at 4◦C. Sections were then incubated
with secondary antibody (Alexa Fluor 488 goat anti-rabbit;
1:250; Invitrogen) in blocking solution for 2 hours at room
temperature. Sections were placed on slides and mounted
with ProLong Gold antifade reagent with DAPI (Invitrogen).
To quantify cellular labeling of total CREB and phos-
phorylated CREB (pCREB), we measured the mean pixelNeural Plasticity 3
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Figure 1: Dark rearing (DR) upregulates total CREB levels in the mouse dLGN. (a) Schematic showing the diﬀerent DR conditions. The
timeline depicts postnatal age in relation to the periods of DR (dark gray) and patterned visual experience (light gray). CDR and DDR;
chronic and delayed DR; CDR + L and DDR + L; chronic and delayed DR followed by 2 hours of normal visual experience. Dotted line
indicates the time of natural eye opening. For all conditions, tissue was harvested at postnatal day (P) 27. (b) Representative ﬂuorescent
immunoblotshowingCREB(red)andpCREB(green)proteinlevels.GAPDH(green)wasusedasaloadingcontrol.CREBlevelswerehigher
in CDR and DDR compared to age-matched controls (normal-light reared, NR), and levels were restored after 2 hours of visual experience
(CDR + L and DDR + L). pCREB levels were low and barely detectable (see the Results section for details). ((c)–(f)) Quantiﬁcation of
immunoblots (n = 5) for CREB ((c) and (d)) and pCREB ((e) and (f)) levels for DR ((c) and (e)) and DR + L conditions ((d) and (f)). The
barsdepicttherelativeaveragedopticaldensitiesforeachoftheDRconditions(n = 6–8dLGNsforeachgroupperblot).Errorbarsrepresent
±SEM. The dotted line and corresponding shaded area reﬂect the averaged and ±S E Mo fC R E Bo rp C R E Bp r o t e i nl e v e l so b t a i n e df r o ma g e -
matched controls. Total CREB levels for both DR conditions were signiﬁcantly higher than control ((c), LSD post hoc test, ∗P<0.05 for
both conditions).
intensity of ﬂuorescence found in individual cells located
within three to four 100μm × 100μm squares in dLGN.
Measurements were conducted blind using Image J software
and restricted to somata. Only those cells with a well-
delineated continuous membrane within a given focal plane
were included in the analysis. Using Metamorph software,
a threshold was set so that there was a clear distinction
between signal and residual background ﬂuorescence [20].
Data were submitted to the Mann-Whitney tests to ascertain
group diﬀerences. Signiﬁcant diﬀerences between groups
were deﬁned as P<0.05 (two tailed).
3. Results
We examined CREB expression in the dLGN of mice that
were dark reared using western blot and immunoﬂuores-
cence. Figure 1(a) provides a schematic delineating the
diﬀerent DR conditions. We ﬁrst investigated the role of
CREB in the dLGN of CDR (P0 to P27) and DDR (P20 to
P27)P27miceusinginfraredimagingdetection.Asshownin
Figures 1(b) and 1(c), quantiﬁcation of immunoblot optical
densities indicated that both CDR and DDR led to a signif-
icant increase in total CREB levels (30–40%) relative to4 Neural Plasticity
values obtained in age-matched controls (one-way ANOVA,
F = 6.18, P<0.05). However, CDR and DDR were not
signiﬁcantly diﬀerent from each other (LSD post-hoc test,
P = 0.25). These results are consistent with observations
made in the mouse visual cortex indicating that DR per se
leads to an increase in CREB-mediated transcription [10].
Interestingly,whileourresultsshowthatbothCDRandDDR
leadtoacomparableupregulationofCREB,DDRhasamuch
greater impact on the retinogeniculate circuitry [17, 18].
We also investigated whether the upregulation of CREB
observed after DR could be restored to control levels by
returning animals to the light. Figures 1(b) and 1(d) show
that 2 hours of light exposure brings CREB back to normal
levelsforbothDRgroups(CDR+LandDDR+L).Theseﬁnd-
ings are in agreement with results showing that DR-induced
synapticdisruptionsindLGNcircuitryrecoverwhenanimals
were returned to a normally lit environment [18].
Quantiﬁcation of immunoblot optical densities for
pCREB protein levels revealed that, similar to total CREB,
pCREB was upregulated after CDR and DDR and that
these elevations returned to normal levels after 2 hours of
light (CDR+L and DDR+L, Figures 1(b), 1(e),a n d1(f)).
However, the observed increase in pCREB levels after CDR
and DDR was not signiﬁcantly diﬀerent from control (one-
way ANOVA, F = 1.26, P = 0.32). The latter was likely
due to the higher variability observed for pCREB optical
density values (compare the ±SEMs of Figures 1(c) and
1(d) versus Figures 1(e) and 1(f)). Such increased variability
could in part be explained by the fact that pCREB protein
contentisgreatlyreducedattheselatepostnatalages[16]and
represents only a fraction of the total CREB protein levels
for all groups. Therefore, the strength of the optical signal
for pCREB is relatively weak compared to background levels.
Although always higher than background, averaged pCREB
optical density measured across all conditions was only 3%
(±0.52) higher than background levels. By contrast averaged
total CREB was 21% (±2.04) higher than background.
To verify whether pCREB levels are downregulated early
in development, we investigated CREB expression during
the ﬁrst postnatal weeks of the mouse dLGN (Figure 2).
As shown in Figures 2(a) and 2(c), quantiﬁcation of
immunoblot optical densities conﬁrmed that pCREB levels
were high during the ﬁrst postnatal week, then signiﬁcantly
decreased by P14 and continued to remain low at P21 (one-
way ANOVA, F = 89.59, P<0.001). A similar result
was observed for total CREB levels (Figures 2(a) and 2(b);
one-way ANOVA, F = 19.86, P<0.001). In fact, similar
results were obtained when the same experiment was carried
out using chemiluminescence techniques (Figures 2(d)–2(f);
one-way ANOVAs, F = 113.37 for pCREB, F = 9.18 for
CREB, P<0.05 for both cases). Thus, these ﬁndings indicate
that CREB protein levels are developmentally regulated and
greatly reduced after the third postnatal week. As a result,
low protein levels may become problematic when averaging
the relative optical densities of multiple blots and should
be considered in future studies that make use of infrared
imaging techniques.
To examine the pattern of neuronal CREB expression in
CDR and DDR mice, we used immunoﬂuorescence labeling
techniques on ﬁxed slices of dLGN (Figures 3(a)–3(f)).
For both CREB and pCREB, cellular labeling was present
throughout dLGN. High-power views of dLGN indicated
that staining was highly enriched in somata (Figures 3(a)–
3(f), insets). For CREB, labeling was also apparent in the
surrounding neuropil (Figures 3(a)–3(c), insets). Interest-
ingly, such extrasomatic staining seemed conﬁned to dLGN
and adjacent visual nuclei (e.g., intrageniculate leaﬂet and
ventral lateral geniculate nucleus, not shown) but was absent
from other nonvisual structures such as the hippocampus
(Figures 3(a)–3(c)).
E s t i m a t e so fs o m aa r e a( ∼100μm2) suggest that CREB
and pCREB labeling was limited to relay neurons [20].
Similar to immunoblot results, both CREB and pCREB were
upregulated after CDR and DDR. Interestingly, quantiﬁca-
tion of ﬂuorescence signals within somata revealed signiﬁ-
cant increases in pixel intensity for DR groups compared to
normal-light-reared (NR) animals (Figures 3(g) and 3(h)).
This increase was true for total CREB levels (Kruskal-Wallis,
χ2 =49.94, P<0.0001) aswellasforpCREB (Kruskal-Wallis,
χ2 = 126.65, P<0.0001). Thus, our results are consistent
with the proposal that DR upregulates the CREB pathway in
response to decreased visual drive.
4. Discussion
Experiments in dark-reared mice suggest that normal-
patterned vision is needed for the continued pruning of
retinal connections onto dLGN cells as well as the synaptic
strengthening of remaining ones [17, 18]. Here we show
that a decrease in visual drive brought about by DR also
upregulates total CREB protein levels in the dLGN. While
we observed a concomitant increase in pCREB after DR,
this change was not statistically diﬀerent from protein
levels obtained in controls. Because these measurements
were obtained at late postnatal ages, a time when pCREB
is extremely low compared to early postnatal ages, it
could have made western blot quantiﬁcation more diﬃcult.
Nonetheless, our immunoﬂuorescence results indicate that
both total CREB and pCREB are upregulated by DR. Thus,
the changes in CREB reported here after DR suggests that
this signaling pathway could contribute to plastic changes in
retinogeniculateconnectivitybroughtaboutdecreasedvisual
drive [17, 18]. Finally, it is important to note that, even
though CREB expression was increased by DR, the degree
of change was far below levels one sees at early postnatal
ages, a time when retinal waves prevail and retinogenic-
ulate projections are segregating into eye-speciﬁc domains
[21].
Our results are consistent with observations made in
visual cortex showing that DR upregulates the CREB tran-
scription pathway [10]. However, in apparent contradiction
to our ﬁndings, Pham et al. [8] showed that CRE-mediated
transcription in dLGN is unaﬀected by visual deprivation.
Perhaps this discrepancy is due to diﬀerences in deprivation
paradigms, since Pham and colleagues [8]u s e dm o n o c u l a r
eyelidsutureratherthanDR.Indeed,monoculardeprivation
leads to unbalanced activity between the two eyes, whereas
DR promotes an overall reduction of neuronal activity. InNeural Plasticity 5
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Figure 2: CREB and pCREB levels during early postnatal development in mouse dLGN. (a) Representative western blots of CREB and
pCREB protein levels measured in dLGN at P7, P14, and P21 using infrared imaging detection. Red represents CREB levels and green
pCREB and GAPDH levels. Both CREB and pCREB levels decreased with age. ((b) and (c)) Quantiﬁcation of immunoblots for CREB (c)
and pCREB (d) using infrared imaging. The bars depict the relative averaged optical densities measured at P7, P14, and P21. CREB and
pCREB levels were signiﬁcantly higher at P7 than at P14 and P21 (LSD post-hoc tests,
∗P < 0.01). (d) Representative western blots of
CREB and pCREB protein levels measured in dLGN at the same postnatal ages as in (a) using chemiluminescence detection. ((e) and (f))
QuantiﬁcationofimmunoblotsforCREB(e)andpCREB(f)usingchemiluminescence.Similartoinfraredimaging,CREBandpCREBlevels
signiﬁcantly decreased with age ((e) LSD post-hoc test and (f) Tamhane’s post-hoc test;
∗P < 0.01). Error bars represent ±SEM. Infrared
imaging detection, n = 5 blots; chemiluminescence, n = 3-4 blots; n = 6–8dLGNs in each age group per blot for both techniques.
the developing visual cortex, these manipulations lead to
diﬀerent structural and functional outcomes [22–24]a n d
also activate diﬀerentially a number of molecular pathways
involved in activity-dependent plasticity, including CREB
[10].
What are the possible mechanisms underlying the
activation of the CREB pathway during DR? A common
feature for many identiﬁed neuronal networks is the ability
to adjust activity and cellular signaling in the face of
decreaseddriveinanattempttomaintainanoptimalbalance
between excitation and inhibition [25, 26]. It has been
suggested that neurons are able to detect decreased ﬁring
rates through calcium-dependent mechanisms that regulate
glutamate receptor traﬃcking [27]. Indeed, recent ﬁndings
have implicated the CREB pathway in this process. For
example,inmouseculturedcorticalneurons,chronicactivity
deprivation activates cAMP signaling pathways, which in
turn promote CREB-mediated transcription that subse-
quentlyleadstothesynthesisofproteinsnecessaryforAMPA
receptor traﬃcking [28]. Interestingly in dLGN, decreased6 Neural Plasticity
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Figure 3: Modulation of CREB immunoﬂuorescence in the dLGN of dark-reared mice. ((a)–(f)) Representative coronal sections of dLGN
showing the labeling of total CREB ((a)–(c)) and pCREB ((d)–(f)), in NR ((a) and (d)), CDR ((b) and (e)), and DDR ((c) and (f)) mice.
Corresponding high-magniﬁcation insets show that staining was prominent in somata. Py, pyramidal cell layer of hippocampus; Or, oriens
layer of hippocampus; D, dorsal; L, lateral. Scale bars, 100μma n d2 5μm. ((g) and (h)) Cumulative histograms of cellular ﬂuorescence
intensity measured in somata in NR, CDR, and DDR for total CREB (g) and pCREB (h). Note that, for both total CREB and pCREB, CDR
and DDR signiﬁcantly shifted the distribution of ﬂuorescence intensity toward larger values when compared to NR (the Mann-Whitney
tests, P<0.0001 for all comparisons). For CREB; NR n = 159 cells, CDR n = 267, DDR n = 224; for pCREB; NR n = 242 cells, CDR
n = 276, DDR n = 144; from 2–6dLGNs per group.Neural Plasticity 7
visual drive brought about by DR leads to a modiﬁcation
in glutamatergic synaptic transmission [17]. Whether the
upregulation of CREB noted after DR is responsible for
these changes or involves the activation of other molecular
pathways in conjunction with CREB remains to be explored.
For instance, manipulations that decrease neural activity
aﬀectanumberofCREB-relatedsignalingcascadesincluding
ones that involve brain-derived neurotrophic factor (BDNF)
[29], the cytokine tumor necrosis factor α (TNFα)[ 30,
31], and the calcium/calmodulin-dependent protein kinase
(CaMK) family [32–34].
It is important to note that CREB was upregulated
whether DR was implemented from birth (CDR) or delayed
(DDR) for one week or so after eye opening. Although
both manipulations modify glutamatergic synaptic currents
in dLGN, DDR appears to have a greater impact on
retinogeniculate circuitry, weakening synaptic connections
and altering the degree of retinal convergence [17, 18].
How then can we account for the fact that both CDR and
DDR show comparable levels of CREB? One possibility is
that the upregulation of CREB after DR reﬂects synaptic
modiﬁcations other than those involving retinal inputs since
dLGN receives aﬀerent input from many sources, most
notably excitatory feedback from the visual cortex [35, 36].
In fact, we have shown that corticogeniculate feedback
can modulate the frequency and amplitude of miniature
EPSCs recorded from dLGN cells after visual deprivation
[37]. Another and perhaps more important possibility is
that the induction of the reported modiﬁcations at the
retinogeniculate synapse is driven by molecular pathways
that are activated independently of CREB. However, our
results suggest that, regardless of the molecular pathways
underlying the induction of such changes, their maintenance
seems to involve CREB. In fact, when visual activity is
brought back to normal levels by exposing dark reared mice
to the light, the upregulation of CREB is terminated.
In summary, our results reveal that the CREB pathway,
while developmentally regulated in dLGN, can also be
modulated by early visual experience. The latter extends the
observations made in the visual cortex and suggests that the
CREBpathwaymayrepresentamoregeneralizedmechanism
by which the developing visual system adapts to decreased
visual drive.
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